ABSTRACT An artificial bone that can harvest energy from human motion was proposed, designed, analyzed, fabricated, and tested. The proposed artificial bone was fabricated by a 3D printer. A piece of magnetostrictive material was embedded in the middle of the artificial bone as the energy harvesting component. When the artificial bone was compressed, the magnetostrictive material was also stressed, which caused a variation in the permeability, according to the Villari effect. The varied permeability led to a varied spatial magnetic field. The varied spatial magnetic field was acquired by a collecting coil, and was transmitted and stored as a kind of energy from the human motion. A theoretical analysis of the artificial bone was conducted to find factors that influence energy harvesting performance. Experimental tests of harvesting energy from the proposed artificial bone were carried out. The voltage output and its varying tendency in the artificial bone agreed with the theoretical analysis. The artificial bone prototype achieved a trust maximum voltage of 206 mV (peak-to-peak) and a trust maximum power of 0.1 mW.
I. INTRODUCTION
Portable devices, such as intelligent wristbands, which can monitor blood pressure and heart rate are becoming popular [1] . Currently, batteries are the main power resources for these portable monitoring devices [2] - [5] . However, the energy supplied by batteries is limited, which is inconvenient. Therefore, harvesting energy from human motion to provide energy for these monitoring devices is a feasible and promising way to solve the energy problem [6] , [7] . Lots of studies focusing on this research interest have been investigated.
Piezoelectric material is widely used in the field of human motion energy harvesting [8] - [17] . From the loading mode viewpoint, piezoelectric human motion harvesters can be classified into the bending mode, because much more energy can be harvested using less effort in the bending mode. For example, Guido et al. [8] used an AlN-based flexible piezoelectric skin to harvest energy from human motion. The flexible piezoelectric skin was pasted on the skin to experience the bending movement of the finger. De Pasquale and Soma [9] took advantage of piezo fibers to scavenge energy from human motion. The piezo fibers were bent due to the movement of an artificial limb. Liu et al. [10] 
employed a
The associate editor coordinating the review of this manuscript and approving it for publication was Adnan M. Abu-Mahfouz. piezoelectric ceramics (PZT) thin film array for harvesting energy from low frequency vibrations. A trust maximum voltage output of 30 mV was obtained by the harvester. Similar human motion energy harvesters operating in the direct bending mode were carried out by Bassani et al. [13] , Cheng et al. [14] , and Yang and Yun [16] . Meanwhile, studies presented by Pillatsch et al. [11] , Renaud et al. [12] , and Minami and Nakamachi [15] used mechanical mechanisms to transform the impact loads of human motion into the bending movement of the piezoelectric material, which could be referred to as the indirect bending mode. The bending harvesting mode needs a large bending space and is prone to fatigue failure, which is not suitable for long-term energy harvesting [18] . Also, the harvested energy must be transmitted via wires, which is not suitable for harvesting energy from an artificial bone.
Thermal energy from the human body is also a kind of feasible power resource [19] , [20] . Chen et al. [19] proposed a novel miniature thermomagnetic energy harvester and obtained an output voltage of 30.4 mV. Thermal energy is more easily affected by human temperature, and the energy harvested is limited. Electromagnetic induction generation is also used in some research [21] , [22] According to Faraday's law of electromagnetic induction, a moving part is needed to generate a varying spatial magnetic field. Therefore, a larger volume is inevitable in electromagnetic induction generation apparatus due to the moving part. Magnetostrictive material gains an extensive use in human motion energy harvesting due to its large magnetostrictive coefficient and electromechanical coupling coefficient [4] , [23] . Adly et al. [23] took advantage of the Terfenol-D magnetoelastic material as the energy harvesting component. A 140-mV voltage was scavenged under an externally applied force of 300 N.
In this paper, an artificial bone (AB) that can harvest energy from human motion is proposed. Its energy harvesting performance was tested. In contrast to previous work, this is the first energy harvester which can harvest energy from an artificial bone, to the best of our knowledge. The AB proposed in this paper has a simple structure, a low cost, and needs no additional fixing parts for energy harvesting. The material, design, mechanism, fabrication and experiment are presented in Section II. Section III describes the experiment results in detail. Section IV is the discussion section, and the conclusions are drawn in Section V.
The abbreviations in the paper is presented in Table 1 . 
II. MATERIALS AND METHODS

A. ENERGY HARVESTING MATERIAL
The energy harvesting material used in the proposed AB is a magnetostrictive material ) is known as a metallic glass due to its disordered atomic-scale structure, leading to a lack of a longorder crystalline structure (just like other metallic oxidebased glasses). Metallic glass ribbons of Metglas are prepared by single roller melt spinning. The 2826MB is fabricated by rapid heat quenching through the melt spin extrusion technique, resulting in a metallic strip that is tens of microns thick, with excellent soft magnetic properties such as high permeability, low coercivity and hysteresis. The magnetic and physical properties are presented in Table 2 . The 2826MB magetostrictive material has a magnetoelastic coupling factor of 0.98 and a magnetostriction coefficient of 11.7 ppm. The 2826MB material is much thinner and cheaper than Terfenol-D and Galfenol, which gives it a wide range of applications [24] . Fig. 1 shows the structure of the proposed AB for energy harvesting, which consists of a piece of magnetostrictive material in the middle position. The AB is made of polylactic acid (PLA), which is a biocompatible material and is safe to the human body. The magnetostrictive material 2826MB for energy harvesting is embedded inside the artificial bone to deform with it simultaneously. Fig. 1 and Table 3 together show the dimensions of the AB and energy harvesting material 2826MB. 
B. STRUCTURE OF THE PROPOSED AB
C. ENERGY HARVESTING OPERATING MECHANISM
The operating principle is based on the inverse magnetostrictive effect, which is also called the Villari effect. When 2826MB is subjected to a tensile or compressive stress under an external bias magnetic field, its permeability changes accordingly. The variation in the permeability can cause a change in the spatial magnetic field. The varied spatial magnetic field can be captured by a collecting coil, according to Faraday's law of electromagnetic induction. After the whole procedure, the mechanical energy stored in the tensile or compressive stress is harvested wirelessly by the collecting coil.
The AB energy harvesting system proposed in the paper is a coupling system with three different domains: the mechanical domain, the magnetic domain and the electrical domain, as shown in Fig. 2 . The mechanical domain includes the force F, which contains energy from other sources. The magnetic domain consists of the magnetostrictive material 2826MB embedded in the AB and the bias magnet. The mechanical domain and the magnetic domain are linked together by the stress caused by the force F. The stress causes a change in the permeability of the 2826MB, according to the Villari effect, and then a change in the spatial flux density of the collecting coil. The electrical domain is made up of the collecting coil and the payload resistance. The change in spatial flux density is converted into electrical energy through Faraday's law of electromagnetic induction. Finally, the mechanical energy is transformed into electrical energy through the proposed AB, a mechanical-magnetic-electrical coupled system. 
D. THEORETICAL ANALYSIS
In Fig. 2 , an external force F is applied on the AB. Here, it is noted that the external force F is a time-varying variable, not a constant value.
The stress applied on the AB can be calculated as
where A is the cross-sectional area of the AB and is expressed in Fig. 1 . The applied stress works on 2826MB through the AB can produce a change in the preferred magnetization direction of 2826MB. This phenomenon is referred to as the Villari effect [25] or, most often, stress-induced anisotropy H k [26] .
where H k is the anisotropy field, K u is the uniaxial magnetic anisotropy energy coefficient, λ s is the saturation magnetostriction, and M s is the magnetization. The susceptibility (χ ) [27] also changes and can be denoted using (3) .
The susceptibility of the magnetic material is directly related to its magnetic permeability [28] .
where µ is the permeability and µ 0 is a permeability constant.
From (1) to (4), the final permeability can be obtained by using (5) .
The voltage induced in the coil around the AB is calculated by using (6):
where n is the number of turns of the collecting coil, φ is the magnetic flux, which can be determined as follows:
where B is the magnetic flux density and S is the cross area of the collecting coil. The magnetic flux density B can be obtained by using the following equation:
where H is the magnetic field strength provided by the bias magnet. Ultimately, the induced voltage can be written as:
For simplicity, (9) can be rewritten as:
Equation (10) delivers two useful meanings for the multicoupling AB energy harvesting system. Firstly, the induced voltage is partially determined by the absolute value of the external applied force F, according to the denominator of (10); secondly, as mentioned above, since external applied force is not a constant, dF/dt is also a time-varying variable. Therefore, the induced voltage is partially determined by the force changing rate of the external force F also. To analyze the actual performance of the AB energy harvesting system, a prototype of the AB was fabricated and a self-developed experiment setup was developed. All are detailed below.
E. PROTOTYPE OF THE ARTIFICIAL BONE
A prototype of the proposed AB for energy harvesting was fabricated to verify the design and theoretical analysis, as shown in Fig. 3 . Fig. 3(a) shows the AB, which is manufactured by a high-precision 3D printer (Z18, LLC One Metro Tech Centre, Brooklyn, USA) and made up of polylactic acid material (True White, MakerBot Industries, USA). Fig. 3(b) shows the 2826MB material for energy harvesting, which is embedded in the middle surface of the AB. Fig. 3(c) shows an X-ray image of the AB. The model of the X-ray machine is XR50RP, Shenzhen, China. From the X-ray image, it can be easily found that the 2826MB material is fixed firmly in the artificial bone without any other fixing parts. 
F. THE EXPERIMENT SETUP
An experimental platform was designed and fabricated to obtain the energy harvesting characteristics of the AB, as shown in Fig. 4 . The AB was placed between two stainless plates, and the two plates were mounted on a high precision guideway. One of the plates was fixed, and the other was driven by a trapezoidal screw. The force working on the AB was applied through the servo motor on the right, which was linked to the trapezoidal screw. The force senor (Model: ZNLBM-100, Bengbu, China) on the left was able to reflect and record the applied force. A computer, a servo controller (Model: RMDS-106+, Shenzhen, China) and a control program were utilized to impose a force with a specific frequency and an amplitude on the AB. According to (10) , the stress and frequency are the two main factors influencing the energy harvesting characteristics, all of which can be realized on our self-developed platform. The force applied on the AB is shown in Fig. 5 . The amplitude of the force is represented by F A , and the frequency of the force is represented by 1/T .
An energy harvesting coil was placed around the AB. The coil comprised a 0.385-mm diameter copper wire (line 27), with 4000 turns. A bias magnet providing the working magnetic field needed was put beside the collecting coil. The dimensional and magnetic properties of the bias magnet are shown in Table 4 . The induced voltage from the collecting coil was input into a resister to calculate the scavenged energy power.
III. RESULTS
Fig . 6 shows the open circuit voltage versus time under an external force. The force had an amplitude of 400 N and a frequency of 3 Hz. During the sampling time of 1 s, there were three cycles of harvested voltage output, and each cycle experienced a time duration of 0.33 s. At the beginning of the first cycle, the voltage output was zero, and no energy was harvested. Then, the voltage output became larger gradually as the applied force became larger at the same time. At the middle of the first cycle, a maximum voltage was obtained, which was about +108 mV. After the peak time, the voltage output became smaller with the continuation of time. During this process, a minimum voltage of −98 mV was obtained. At about 0.15 s, the voltage reached almost zero, and this lasted until the next cycle began. During the first energy harvesting cycle, a 206-mV peak-to-peak voltage was harvested by the AB under the external force with an amplitude of 400 N and a frequency of 3 Hz. At about 0.33 s, the second cycle began, and a zero voltage was also obtained initially. Then, a maximum voltage of +98 mV was harvested at about 0.345 s, and a minimum voltage of −107 mV was reached immediately. In the second energy harvesting cycle, a 205 mV peak-to-peak voltage was harvested by the AB. Furthermore, the waveform of the second cycle was very similar to that of the first one. There was a tiny difference between the two cycles in the peak-to-peak voltage, which was caused by a mechanical error of the system. In the third cycle, the voltage output was consistent with the former two. The only difference was also in the peak-to-peak voltage.
An enlarged view of one cycle's voltage output is given on the right in Fig. 6 . At the moment of 0 s, the output voltage was equal to zero. Then, the output voltage increased until the moment of 0.038 s. At the moment of 0.045 s, the output voltage reached the peak value of +108 mV. It is noted that there was a remarkable value jump at the moment of 0.045 s, which meant that the voltage gained a sudden increase at the corresponding moment. After the moment of 0.045 s, the voltage declined gradually. At about 0.15 s, a zero voltage was obtained again. The whole enlarged view was divided into the Slow Growth Zone (SGZ), the Mutation Zone (MNZ), and Rapid Decline Zone (RDZ) by the moments of 0.038 s and 0.051 s. There was an obvious difference among SGZ, MNZ and RDZ. In SGZ, the voltage increased slowly. In MNZ, the voltage jumped suddenly. In RDZ, the voltage decreased rapidly. The changing speed of the voltage in RDZ was much higher than that in SGZ. The reason for this phenomenon will be detailed in the Discussion section. Under the applied force of 1 Hz, the amplitude of the applied force was from 0 N to 800 N. In the 1-Hz voltage curve, no voltage was scavenged under the 0-N applied force. When the applied force was 100 N, the voltage was 70 mV. The four curves in Fig. 7 were divided into two parts, respectively. Before 400 N, the voltage became larger as the applied force increased. This section was referred to as the Ascending Zone (AZ). When the applied force was over 400 N, the situation was very different. The output voltage remained at a saturated voltage and did not change anymore with the applied force increasing. It is noted that the saturated voltage was different for the four different frequencies. The saturated voltages were 124 mV, 150 mV, 162 mV and 206 mV, respectively, for the frequencies of 1 Hz, 1.5 Hz, 2 Hz and 3 Hz. This section was referred to as the Saturation Zone (SZ). Saturation voltages of 150 mV, 162 mV, 180 mV and 206 mV were reached when the frequencies of the applied force were 1.5 Hz, 2 Hz, 2.5 Hz and 3 Hz, respectively. The saturation voltage is almost linear with the frequency of the applied force. A linear fitting curve between the frequency of the applied force and the value of the saturation voltage was obtained. The fitting curve was y = 40.857x + 78.667 by least squares (R 2 = 0.968). Fig. 9 reflects the relationship of the saturation force versus the frequency of applied force. The saturation force of the AB at the frequency of 0.5 Hz was 399.5 N. Meanwhile, the saturation force became 399 N at the frequency of 1 Hz, almost the same as that of 0.5 Hz. A saturation force of 402 N followed the former ones at the frequency of 1.5 Hz, which contained a tiny rise with respect to 399 N and 399.5 N. Then, the saturation forces of the frequencies of 2 Hz and 2.5 Hz were 400 N and 404 N, respectively. Finally, a peak value of 407 N was reached at the frequency of 3 Hz, which was also the maximum value of the frequency from 0.5 Hz to 3 Hz. From Fig. 9 , it can be easily seen that the saturation force was nearly unchanged as the frequency of the applied force changed. The minimum value of the saturation force was 399 N at the frequency of 1 Hz, while the maximum value of the saturation force was 407 N at the frequency of 3 Hz. The force deviation between the maximum force and minimum force is calculated by using
The deviation rate of the saturation force is obtained by using
The above calculation indicates that the saturation force has a deviation rate of only 2% and almost does not change during the whole process. Fig. 10 plots the payload voltage versus payload resistance under frequencies of 1 Hz, 1.5 Hz, 2 Hz, and 3 Hz. In Fig. 10(a) , the payload resistance varied from 0 to 300 . The payload voltage was 0 mV at 0 , and then rose gradually with the payload resistance. When the payload resistance was 100 , a voltage of 62 mV was obtained. When the payload resistance was 300 , the payload voltage was 93 mV. On the whole, the payload voltage ascended as the payload resistance rose. However, it should be noted that the payload voltage never exceeded the saturation voltage, which was 124 mV at a 1-Hz applied force, no matter how high a payload resistance was utilized. In Fig. 10(b) , the resistance was also from 0 to 300 . There was still a growth relationship between the payload voltage and the payload resistance. The payload voltages were 75 mV and 112.5 mV, respectively, at the resistances of 100 and 300 .
Meanwhile, the saturation voltage under the 1.5-Hz applied force was 150 mV. In Fig. 10(c) , the situation was the same as that in Fig. 10(a) and Fig. 10(b) . The only difference was the absolute value of payload voltage at the corresponding resistance. The payload voltages were 81 mV and 121.5 mV, respectively, at the resistances of 100 and 300 . The saturation voltage under the 2-Hz applied force was 162 mV. In Fig. 10(d) , the saturation voltage was 206 mV at the frequency of 3 Hz. The payload voltages were 100 mV and 150 mV, respectively, at the payload resistances of 100 and 300 . Fig. 11 shows the plot of the payload power versus payload resistance under frequencies of 1 Hz, 1.5 Hz, 2 Hz, and 3 Hz. In Fig. 11(a) , the resistance varied from 0 to 300 . The payload power increased first and then decreased. From the resistance of 0 to 100 , the payload power increased from 0 mW to 0.038 mW. At the resistance of 100 , the payload power reached its peak value of 0.038 mW. After the peak value, the payload power decreased as the resistance increased. The payload power was 0.028 mW at the resistance of 300 . In Fig. 11(b) , the payload resistance was also from 0 to 300 . The relationship between the payload power and the payload resistance was an increase first and then a decrease. The increasing range was from 0 to 100 , and the decreasing range was from 100 to 300 . The resistance at which the peak payload power was obtained was 100 . The peak payload power was 0.0562 mW, and the payload power at the resistance of 300 was 0.041 mW. In Fig. 11(c) and Fig. 11(d) , the tendency of the payload power with increasing resistance was similar to those seen in Fig. 11(a) and Fig. 11(b) . All of them were divided into two parts by the resistance of 100 . Before the resistance of 100 , the payload power increased as the resistance increased. After the resistance of 100 , the payload power decreased as the resistance increased. The maximum power values of Fig. 11(c) and Fig. 11(d) were 0.066 mW and 0.1 mW, respectively, at the frequency of 100 . Meanwhile, the payload power values at the resistance of 300 were 0.049 mW and 0.075 mW, respectively. Fig. 12 shows the relationship of the peak payload power versus the frequency of the applied force. The overall relationship between the frequency and peak payload power was almost a linear incremental function. At the frequency of 0.5 Hz, the peak payload power was 0.028 mW. Then, at the frequency of 1 Hz, a 0.038-mW peak payload power was obtained. Peak payload power values of 0.0562 mW, 0.066 mW, 0.086 mW and 0.1 mW were reached when the frequencies of the applied force were 1.5 Hz, 2 Hz, 2.5 Hz and 3 Hz, respectively. The peak power was linear with the frequency of the applied force. A linear fitting curve between the frequency of the applied force and the peak payload power was obtained. The fitting curve was y = 0.0303x + 0.0086 by least squares (R 2 = 0.9952).
IV. DISCUSSION
Before discussion, the relationship between the frequency of the applied force and the moving speed of a human at the applied frequency is given in Table 5 [29] , [30] .
From Table 5 , it can be seen that the 1-Hz frequency corresponds with the moving status of 60 step/min, 3.96 km/h VOLUME 7, 2019 and a walking status. Then, a quicker status of 90 step/min and 5.4 km/h is realized at the frequency of 1.5 Hz, which can be classified as a jogging status. Finally, the fastest status of 180 step/min and 8.64 km/h is completed at the frequency of 3 Hz, which is also the most intensive movement for a common person. Therefore, the frequency range from 1 Hz to 3 Hz covers all the moving statuses of common people. It does not make sense to boost the frequency of the applied force anymore.
The time domain change of the open circuit voltage is given in Fig. 6 . In the SGZ, the voltage ascended slowly. In the SGZ, the energy stored in the applied force had two outlets: one stored in the AB in the form of compression energy, and the other transmitted into electrical energy. Therefore, the voltage rose slowly in the SGZ. However, in the MNZ from 0.038 s to 0.051s, at around 0.045 s, there was a mutation in the voltage output, which can be seen in Fig. 6 . The direction of the applied force changed at the moment of 0.045 s. A mutation of the value of dF/dt occurred. Then, a voltage mutation occurred in the MNZ, according to (10) . In the RDZ after 0.045 s, the electrical energy harvested by the AB was from two sources: one was the applied force and the other was the energy stored in the AB. Therefore, the harvested energy in the RDZ was higher than that in the SGZ.
The relationship between the open circuit voltage and time under different applied force frequencies is given in Fig. 7 . The curve was divided into two parts by the turning point 400 N: the AZ and the SZ. In the AZ, the voltage rose with the force, while in the SZ, the voltage did not change anymore, with the force becoming larger. In the AZ, under the frequency of 1 Hz, a larger force yielded a larger stress, then a larger strain. A larger strain led to a larger permeability variation, subsequently. At last, a larger variation of magnetic flux was realized, which caused a higher voltage. In the DZ, the voltage did not change anymore, for the energy harvesting material 2826MB became saturated. The force at which the 2826MB became saturated is discussed in detail in Fig. 10 . The situation was similar to those of 1.5 Hz, 2 Hz and 3 Hz. The only difference was the voltage value. The voltage at the frequency of 3 Hz was 206 mV, which was much higher than those of 1 Hz, 1.5 Hz and 2 Hz. The results indicated that boosting the force was one feasible way to heighten the harvested voltage in the AZ. It should be noted that in the SZ, a larger force would be useless for the energy harvesting operation, for no more magnetic permeability change was generated. Furthermore, increasing the frequency was another way of heightening the harvested voltage, which is discussed further in Fig. 12 . Fig. 8 reflects the varying tendency of the open circuit voltage and the frequency of the applied force. An incremental function existed between the two variables. According to (6) , the induced voltage was determined by the derivative of the magnetic flux. A fast-changing magnetic flux generates a higher voltage. As the frequency of the applied force ascended, the permeability changed quickly [31] . Finally, a larger induced voltage was obtained. This can also be demonstrated by (10) . As the frequency of the applied force became higher, the dF/dt part in (10) became larger. Therefore, a higher voltage is generated in the proposed AB. The results in Fig. 8 prove that a higher frequency will generate a higher voltage. During the application of the AB, a force with a higher frequency will be meaningful to heighten the efficiency of the energy harvesting.
The force at which the saturation voltage was reached is given in Fig. 9 . The force remained almost level, with only small fluctuations. According to (1) , the strain of the artificial bone can be determined by the following equation:
where ε is the strain of the AB, and E is the elastic modulus. According to the datasheet of 2826MB, the saturation magnetostriction of 2826MB is 12 ppm. Then the saturation force can be calculated by (11) . The calculated saturation force was 401.5 N in the experiment. Meanwhile, the saturation force was from 399 N to 407 N in the experiment, which agreed well with the theoretical results. The tiny fluctuation of less than 2% in the experiment was possibly caused by the fabrication error of the AB and the friction force of the test platform. The results in Fig. 9 also indicate that the saturation force was not affected by the frequency of the applied force.
The relationship between the payload voltage and the payload resistance under different frequencies of applied force is shown and analyzed in Fig. 10 . The payload voltage ascended as the payload resistance rose, always. The payload voltage can be calculated by the following equation:
where V O is the payload voltage,V S is the saturation voltage harvested by the proposed AB, R I is the internal resistance of the power collecting coil, R I is equal to 100 in the experiment, R P is the value of the payload resistance, and the inductive impedance of the collecting coil is omitted because of the ultralow frequency (less than 3 Hz) of the applied force.
According to (12) , the payload voltage is dependent on two parameters: V S and R P . A higher V s generates a higher payload voltage V O . Then, a larger resistance also generates a higher payload voltage V O . The experiment results agreed with the theoretical results. For 1 + R I /R P > 1 continued forever, V O is theorized to approach the saturation voltage V S , but not exceed V s . The experiment also demonstrated this point.
The payload power was related the payload resistance. The relationship between the payload power and the payload resistance under different frequencies of the applied force is reflected in Fig. 11 . The varying tendency of the output power versus payload resistance was an increase first, then a decrease. The resistance of 100 was the turning point. The payload power is denoted by P O , and can be calculated by
Equation (13) can be rewritten as follows:
For a specific saturation voltage V S , the maximum payload power is reached when (15) is satisfied.
Finally, the payload resistance at which the maximum payload power is reached is determined by using (16) .
Then, the maximum payload power was reached at the turning resistance of 100 , which was also equal to the value of the internal resistance of the collecting coil. It was noted that the saturation voltage was different at the frequencies of 1 Hz, 1.5 Hz, 2 Hz and 3 Hz. Therefore, the value of each maximum payload power was different due to the different saturation voltages at different frequencies of the applied force.
The payload power was also related to the frequency of the applied force. A higher payload power was obtained when a higher frequency force was applied on the AB, which can be seen from Fig. 12 . The reason for this phenomenon is detailed below. From the viewpoint of energy, the source of the whole energy was from mechanical movement. Then, the energy was transmitted from the mechanical domain to the electrical domain, via the magnetic domain. Finally, the energy of the mechanical domain was transformed to electrical power. Meanwhile, the energy which was stored in the mechanical domain and was transformed to electrical power was related to the frequency of the applied force. This is also to say that more energy was transformed from the mechanical domain to the electrical domain over the same time due to a higher transforming speed. The transforming speed was dependent on the frequency of the applied force. It is noted that the other conditions, such as the amplitude of the applied force and the payload resistance, were the same during the experiment. Therefore, boosting the frequency of applied force is useful to obtain a higher payload power. The conclusion agreed with those in [32] - [37] . The energy harvesting performance of the AB is compared with several energy harvesters, as shown in Table 6 . The items of harvested energy, energy harvesting components and vibration space and et.al are compared. From the comparison, it can be clearly recognized that the proposed AB harvester has very good superiority with regards to the voltage output. Furthermore, the artificial bone proposed in this work has a lower mass, at only 105 g. It should be noted that the proposed artificial bone has a simple structure compared with previous energy harvesters. The energy harvesting component in [23] was Terfenol-D, and it was much more expensive that the 2826MB used in our work. The number of core components in Adly et al.'s [23] work was six, while the number for ours was only two (the artificial bone and the power collecting coils). The harvesters by Chen et al. [19] and Liu et al. [10] required a large vibration space, which was not suitable for human motion energy harvesting. At the same time, the harvested energy must be transmitted by wires crossing over the skin. This poses many medical problems for the patient, such as infections, while the scavenged energy in our proposed artificial bone can be transmitted in a wireless manner.
V. CONCLUSION
The design of an artificial bone for harvesting energy from human motion was proposed. A piece of 2826MB magnetostrictive material was embedded in the AB as an energy harvesting component. The energy harvesting principle of the artificial bone was explained. A theoretical analysis of the artificial bone was carried out. A prototype of the artificial bone was made, and a series of experiments were established. From the experimental results, conclusions can be drawn as follows: the trust maximum voltage of the AB energy harvester was 206 mV (peak-to-peak); the trust maximum power was 0.1 mW; two factors, namely, force amplitude and force frequency, both had significant influences on the harvested voltage and power; compared with previous energy harvesters, the AB has a high voltage output, is simple in structure and is easily fabricated. It has a very small volume and does not need any additional fixing parts. All these merits make the AB potentially useful in supplying power for portable devices such as intelligent wristbands. The practical application of the AB is a challenging work we have to face in the future. The circuit and strategies for regulating harvested energy for portable devices will be another research focus of our future works. 
